In contrast to plants cultured under uniform laboratory conditions, wild plants must endure considerable fluctuations in temperature due to the day-night cycle, weather conditions, and seasonal changes. Thus plants must have robustness against fluctuating temperature. Much progress has been made in understanding temperatureresponsive genes by the identification of temperatureinduced and -activated transcription factors. 1) However, in bacteria and mammals, it has become clear that noncoding RNA-mediated events play a crucial role in regulating temperature-responsive gene expression. In bacteria, complex RNA structures that change their conformation in response to temperature, called RNA thermometers, regulate gene expression by controlling translation. 2) In mammals, transcriptional activation of heat shock genes depends on a noncoding RNA called HSR1, whereas Human Alu RNA, another noncoding RNA, inhibits the bulk of general transcription upon heat shock. 3, 4) In addition to these noncoding RNAs, recently discovered microRNA (miRNA) and small interfering RNA (siRNA) have emerged as important players in controlling gene expression. 5, 6) These small RNAs are known to silence genes post-transcriptionally by guiding target mRNAs for degradation and by repressing translation. miRNAs are approximately 20-to 22-nucleotide noncoding RNAs derived from long pre-miRNAs that form fold-back structures. siRNAs were originally discovered in plants undergoing transgene silencing or virus infection. 7) siRNAs are approximately 20-to 26-nucleotide RNAs derived from long double-stranded RNA precursors. Such double-stranded RNAs can arise from bidirectional transcription of a locus, transcription of extended inverted duplication, or the activity of hostor viral-encoded RNA-dependent RNA polymerases (RDRs). 8) trans-Acting small interfering RNA (tasiRNA) belongs to a special class of siRNAs that occurs endogenously in higher plants. tasiRNA is very similar to miRNA in mode of action, as they cleave in trans mRNA targets containing a complementary sequence. tasiRNAs are derived from noncoding transcripts that are converted into dsRNAs by an RNA-dependent RNA polymerase, RDR6, followed by cleavage guided by miRNA. 9, 10) Resulting dsRNAs are then processed by a dicer-like enzyme, DCL4, into phased 21-nucleotide tasiRNAs. 11, 12) A mutant with defects in DCL4 lacks tasiRNA, but has no negative effect on miRNA, indicating that DCL4 has a relatively specialize function within the tasiRNA pathway. 11, 12) Arabidopsis has several tasiRNA-generating noncoding precursor (TAS) genes that can be categorized into four families. TAS1 and TAS2 tasiRNAs target multiple mRNAs that encode proteins of unknown functions or pentatricopeptide repeat proteins.
9,10,13) TAS3 tasiRNA targets auxin response factor mRNAs, which regulate proper patterning and developmental timing. [13] [14] [15] [16] [17] [18] TAS4 tasiRNA targets mRNAs encoding several MYB transcription factors. 19) It has been found that transgene-triggered RNA silencing is temperature-dependent in plants, animals, and insects. [20] [21] [22] In Arabidopsis and potato, it was found that transgene-triggered RNA silencing is inhibited y To whom correspondence should be addressed. Fax: +81-19-621-6523; E-mail: ysaitoh@iwate-u.ac.jp Abbreviations: miRNA, microRNA; siRNA, small interfering RNA; tasiRNA, trans-acting siRNA; DCL, dicer-like enzyme; RDR, RNA-dependent RNA polymerase; RLM 5 0 RACE, RNA ligase-mediated rapid amplification of 5 0 cDNA end; LNA, locked nucleic acid at a low temperature (15 C), accompanied by a reduction in the amount of siRNA, but it is not known whether silencing mediated by endogenous siRNA is temperature-dependent. In contrast, the accumulation of miRNAs such as miR157, miR169, and miR171 is unaffected at low temperatures. 20) Because miRNA in Arabidopsis arises via a dicer-like (DCL) enzyme, DCL1 while siRNAs are processed by DCL2, DCL3, or DCL4, [23] [24] [25] [26] different DCL enzymes might have different susceptibility to cold. Alternatively, other components that are specifically required for siRNA generation, such as RDR, might be cold-sensitive. Therefore, in contrast to miRNA, tasiRNA-mediated gene silencing might be temperature-sensitive.
Here, we investigated the effect of temperature on tasiRNA-mediated gene expression. Our data suggest that TAS1 tasiRNA has roles in controlling temperatureresponsive gene expression. In our knowledge, this is the first report showing that fluctuation of endogenous siRNA by temperature shift affects temperatureresponsive gene expression. We also discuss a role of TAS1 tasiRNA in robustness against ambient temperature fluctuation.
Materials and Methods
Plant materials and growth conditions. A mutant line containing dcl4-2 allele was described by others. 11, 27) Seeds were grown on petri dishes containing modified Hoagland's medium supplemented with 1% sucrose and 0.8% agar.
28) The plants were first grown for 10 d in a growth chamber at 22 C under constant light, then exposed to cold (4 C). After 24 h, they were transferred to a growth chamber at 22 C.
Expression analysis. Total RNA was isolated from plant tissues by the acid guanidinium thiocyanate-phenol-chloroform extraction method. 29) First-strand cDNA synthesis was carried out with ReverTra Ace reverse transcriptase (Toyobo) with oligo (dT) 15 and random primers. Quantitative real-time RT-PCR was carried out with SYBR Premix Ex Taq II (Takara). Samples were analyzed in triplicate in a Thermal Cycler Dice Real Time System (Takara). In each case, dissociation curves confirmed the purity of the amplified products. The comparative CT method for relative quantification was used with -tubulin as internal control. The following primers were used in this analysis: At1g51670-F, 5
RNA gel blot analysis. Five mg of total RNA samples was heattreated in formamide and loaded on 15% polyacrylamide, 8 M urea, 0.5Â TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA) gel and separated by electrophoresis. The samples were electroblotted to hybond-NX membranes (GE healthcare) and fixed, following the carbodiimide-mediated cross-linking procedure. 30) Oligonucleotides whose sequences are complementary to individual small RNAs were 32 P-labeled with T4 polynucleotide kinase (Toyobo). The blot was first probed with TAS1 tasiRNA antisense LNA oligonucleotide (5 0 -TACGCTATGTTGGACTTAGAA-3 0 ). Pre-hybridization and hybridization were carried out in 7% SDS, 250 mM Na 2 HPO 4 , pH 7.2, 1 mM EDTA, and 2Â Denhardt solution. The filter was washed twice with 1Â SSC and 0.1% SDS at 55 C for 10 min, then with 0.1Â SSC and 0.1% SDS at 55 C for 15 min, and subjected to autoradiography with Kodak BioMax MS-1 film. The probe was stripped off by incubating the filter in 0.1Â SSC and 0.1% SDS at 65 C for 30 min. Removal of the probe was confirmed by re-exposure to the film. The same filter was sequentially probed with miR171 antisense oligonucleotide (5 0 -GATATTGGCGCGGCTCAATCA-3 0 ) and U6 antisense oligonucleotide (5 0 -AGGGGCCATGCTAATCTTCTC-3 0 ) successively.
RLM 5
0 RACE. A modified procedure for RNA ligase-mediated rapid amplification of cDNA ends (RLM 5 0 RACE) was performed as described previously, 31) with some modifications. The GeneRacer RNA adapter (50 pmol, Invitrogen) was directly ligated to total RNA (10 mg) with T4 RNA ligase (New England Biolabs). Reverse transcription was carried out with ReverTra Ace reverse transcriptase (Toyobo) with oligo (dT) 15 and random primers. Amplifications were done using GeneRacer 5 0 adapter-specific primer (Invitrogen) passed with the following gene-specific primers: At1g51670, 5
0 -GTCCAC-AAGCAGCACAGATGGCCCTACG-3 0 ; and SCL6-lV, 5 0 -GGAGCC-GAGGAGGTCTAAGCTCAAA-3 0 . The resulting amplified products were gel-purified, cloned, and sequenced.
Results and Discussion
Variation in the effects of tasiRNAs on the expression of the tasiRNA target genes
To examine the effects of tasiRNAs on the expression of the tasiRNA target genes under our growth conditions at 22 C, the abundance of tasiRNA target transcripts in DCL4 mutant (dcl4-2) seedlings was compared to that in the wild-type seedlings. Since DCL4 functions to process tasiRNA precursors, the dcl4-2 mutant lacks tasiRNA, and tasiRNA-mediated silencing is impaired. 11, 12) Using primers encompassing the tasiRNA cleavage site, quantitative RT-PCR analysis was performed for several tasiRNA targets (Fig. 1) . Notably, the TAS1 tasiRNA target transcripts, At1g51670, At4g29760, and At5g18040, were elevated by 1.8-to 7.2-fold in the dcl4-2 mutant. We also detected elevated TAS2 and TAS3 tasiRNA targets, At1g12775, At1g63130, At1g62930, At1g63230, ARF2. ETT, and ARF4 (1.3-to 2.1-fold). Conversely, the levels of the miRNA targets, SCL6-IV, At1g06580, and SPL10, were unchanged. These results indicate that tasiRNA-mediated silencing of these genes can be detected under these growth conditions. Although the growth conditions and developmental stages were different, variation in the silencing of the tasiRNA targets was also observed using different tasiRNA-impared mutants, RDR6 and SGS3. 10, 32) Since the effect of TAS1 tasiRNA on target gene expression was apparent under the growth conditions employed, we focused on the characterization of TAS1 tasiRNA-mediated silencing and target gene expression.
Reduction of the TAS1 tasiRNA level at low temperature
To determine whether low temperature affects the accumulation of TAS1 tasiRNAs, small RNA gel blot analysis was performed on 10-d-old seedlings treated with and without low temperature ( Fig. 2A) . At this growth stage, TAS1 tasiRNA was detected in the wild type, but not in the dcl4-2 mutant as expected. Low temperature treatment (4 C for 24 h) did not change the accumulation of the miRNA, miR171. These data are consistent with the results obtained by Szittya et al. 20) In contrast, the TAS1 tasiRNA level exhibited a 30% reduction after low-temperature treatment ( Fig. 2A, wild type, compare 4 C and 22 C). TAS1 tasiRNA is recognized as a miRNA miR389, because its precursor transcript has the potential to fold in a hairpin that shows some resemblance to those of known miRNAs.
33) The later-demonstration that the biogenesis of miR389 requires RDR6 activity caused miR389 to be reclassified as tasiRNA.
10) Sunkar and Zhu reported that the accumulation of miR389 in 2-week-old seedlings was reduced after low-temperature treatment (0 C for 24 h). 33) Although the ages of the seedlings and the temperature were slightly different, this is consistent with our results.
TAS1 tasiRNA is derived from noncoding transcripts (pre-TAS1a, pre-TAS1b, and pre-TAS1c), and is converted into dsRNA by RDR6, followed by miRNA-guided cleavage. 9, 10) The resulting dsRNA is then processed by DCL4 into 21 nucleotide TAS1 tasiRNA 11, 12) (Fig. 2C) . To determine whether the temperature-dependent TAS1 tasiRNA level results from different processing or de novo synthesis of preTAS1a-c, we compared the levels of pre-TAS1a-c between 22 C and 4 C. Quantitative RT-PCR analysis revealed that the amount of pre-TAS1a-c did not decrease at low temperature (Fig. 2B) , indicating that low temperature downregulates the accumulation of TAS1 tasiRNA through inhibition of tasiRNA processing. Szittya et al. reported that transgene-derived siRNA was present in lower amounts at low temperature, while miRNA was not. 20) Because miRNA in Arabidopsis is processed via a dicer-like (DCL) enzyme DCL1 whereas siRNA is processed by DCL2, DCL3, or DCL4, [23] [24] [25] [26] different DCL enzymes might have different susceptibilities to cold. Alternatively, other components that are specifically required for siRNA generation, such as RDR, might be cold-sensitive. Because tasiRNA biogenesis requires DCL4 and RDR6 activity, it is probable that DCL4 or RDR6 is cold sensitive.
Increased expression of TAS1 tasiRNA targets at low temperature
Decreased amounts of TAS1 tasiRNA at low temperatures might lead to inhibition of TAS1 tasiRNAmediated silencing. To examine this, the expression of TAS1 tasiRNA targets was monitored after lowtemperature treatment. The levels of TAS1 tasiRNA target mRNAs, At1g51670, At5g18040, and At4g29760, were elevated by 2.3-to 3.8-fold at low temperature (Fig. 3, wild type) . Then similar quantification was done Quantitative real-time RT-PCR analysis of the abundances of TAS1, TAS2, and TAS3 tasiRNAs target transcripts in total RNA prepared from 10-d-old wild-type and dcl4-2 seedlings. PCR was performed with primers that flanked the cleavage site in these transcripts. Values were normalized to -tubulin and are expressed as the ratio of the value relative to the wild type. Error bars indicate mean AE SD for three independent biological replicates. miRNA target transcripts were used as negative control. A, Low-molecular-weight RNA blots from wild-type and dcl4-2 seedlings treated at different temperatures (4 C or 22 C for 24 h) were hybridized sequentially to a specific tasiRNA probe (TAS1), a miRNA (miR171) probe, and to U6 as a loading control. The numbers underneath the top panel show the relative levels of TAS1 tasiRNAs as determined by densitometry. B, Quantitative real-time RT-PCR analysis of the abundances of TAS1 precursor transcripts (pre-TAS1a, pre-TAS1b, and pre-TAS1c) in wild-type seedlings treated at different temperatures, as in A. C, The biogenesis pathway of tasiRNAs. Biogenesis of TAS1 tasiRNAs is initiated by cleaveage of their precursor transcripts (pre-TAS1) by a miRNA. The cleavage fragments are converted into dsRNA by the RDR6 enzyme, and then processed into 21 nt tasiRNAs by DCL4. Values were normalized to -tubulin, and are expressed as the ratio of the value relative to 22 C. Error bars indicate mean AE SD for three independent biological replicates.
for the dcl4-2 mutant, which is impaired in tasiRNA accumulation, 27) to whether the elevated expression of TAS1 tasiRNA targets at low temperature resulted from tasiRNA-mediated regulation. The results indicated that the expression of At1g51670 in the dcl4-2 mutant did not increase after low-temperature treatment (Fig. 3) . On the other hand, the expression of At4g29760 and At5g18040 was elevated at low temperature both in the wild type and in dcl4-2 (Fig. 3, At4g29760 and At5g18040). Gene expression programs utilize a complex array of transcriptional and various post-transcriptional events, such as RNAi or control of mRNA stability. Thus it is possible that the low-temperature accelerated expression of At1g51670, At4g29760, and At5g18040 was caused by different mechanisms, dependent on or independent of TAS1 tasiRNA. Lowtemperature accelerated expression of At4g29760 and At5g18040 is mainly controlled by a mechanism other than tasiRNA-mediated silencing. However, lowtemperature accelerated expression of At1g51670 is attributable to a decrease in silencing resulting from a reduction in TAS1 tasiRNA at low temperatures.
Recently, a similar phenomenon was found in miRNA-mediated gene expression. miR398 targets two Cu/Zn superoxide dismutases, CSD1 and CSD2. The induction of both mRNAs is correlated with decreased miR398 levels under high Cu 2þ or paraquat stress. 34) However, under ozone fumigation stress, only the CSD1, not the CSD2 mRNA level was negatively correlated with decreased miR398 levels, 35) suggesting the existence of regulatory mechanisms dependent and independent of miR398-mediated silencing.
TAS1 tasiRNA-mediated cleavage of At1g51670 transcripts was reduced at low temperature As discussed above, low-temperature accelerated expression of At1g51670 appears to be under direct control of the TAS1 tasiRNA silencing system. To investigate further the effects of low temperature on TAS1 tasiRNA-mediated silencing of At1g51670, we compared the amount of TAS1 tasiRNA-mediated cleavage products of At1g51670 transcripts between 4 C and 22 C. First we validated the TAS1 tasiRNAmediated cleavage site of At1g51670 mRNA by RNA ligase-mediated rapid amplification of the 5 0 cDNA end, RLM-5 0 RACE. This yielded PCR products of the sizes expected for correct cleavage for the wild type (Fig. 4A , wild type, 22 C). In contrast, no such PCR products were detected for the dcl4-2 mutant (Fig. 4A, dcl4-2) . Sequencing of the amplified products revealed correct cleavage in the middle of the complementary region of TAS1 tasiRNA (Fig. 4B) , confirming that At1g51670 is a real target of TAS1 tasiRNA.
Similar experiments for wild-type RNA isolated from 4 C-treated seedlings revealed that the amount of TAS1 tasiRNA-cleaved products was significantly reduced (Fig. 4A, wild type) . In contrast, the amount of miRNA-cleaved product from its target SCL6-IV (Fig. 4A) was not influenced by the temperature shift. This suggests that the decrease in the TAS1 tasiRNA level at low temperature ( Fig. 2A) leads to a reduction in TAS1 tasiRNA-mediated cleavage of At1g51670 transcripts (Fig. 4A) , thereby increasing the amounts of the transcripts.
The role of TAS1 tasiRNA in ambient temperature fluctuation It has been reported that miRNA appears to be dispensable under non-fluctuating laboratory conditions. 36, 37) However, a recent report elegantly showed the significance of miRNA under conditions of fluctuating environment. 38) This description prompted us to speculate on a specific role of TAS1 tasiRNA under fluctuating temperature conditions, and so we examined to determine how TAS1 tasiRNA acts on targets under fluctuating temperature.
Ten-d-old seedlings of the wild type and the dcl4-2 mutant were first exposed to cold (4 C) for 24 h (day 1), then placed in a growth chamber at 22 C for an additional 24 h (day 2). Samples were collected on day 1 and day 2, and the TAS1 tasiRNA target transcripts was quantitated by real-time RT-PCR. The accumulation profile of At5g18040 did not show any difference between the dcl4-2 and the wild type (Fig. 5,  At5g18040 ), suggesting that TAS1 tasiRNA does not affect the amounts of At5g18040 transcripts under conditions of fluctuating temperature under the growth conditions employed here. In contrast, the transcript accumulation profiles of both At1g51670 and At4g29760 showed differences between dcl4-2 and the wild type (Fig. 5, At1g51670 and At4g29760). The levels of the two target transcripts dropped in the wild type, but not significantly in dcl4-2, after shifting of the temperature from 4 C to 22 C. Thus, one possibility has emerged as to the role of TAS1 tasiRNA: it contributes to the elimination of excess amounts of target mRNAs at 22 C that accumulated at the low temperature.
It is interesting to note the role of a miRNA, miR-430 in the rapid clearance of preexisting maternal mRNA in early zebrafish embryogenesis. 39) In the absence of miR-430, maternal mRNA expression overlaps with zygotic gene expression and interferes with morphogenesis. 39) That provides experimental evidence that miRNA serves to ensure the robustness of the developmental program.
Since plants cultured in the field endure considerable fluctuations in temperature, they must have robustness against fluctuating temperatures. Our data indicate a specific role of TAS1 tasiRNA under fluctuating temperature conditions, suggesting that TAS1 tasiRNA serves to ensure robustness against fluctuating temperatures.
In conclusion, our results suggest important roles of endogenous TAS1 tasiRNA in temperature-responsive gene expression. The fact that the expression of At1g51670 is upregulated concomitantly with a reduction in TAS1 tasiRNA at low temperatures in the wild type but not in the dcl4-2 confirms this hypothesis. We also provide data that indicate a specific role of TAS1 tasiRNA under fluctuating temperature conditions. To our knowledge, this is the first report to the effect that fluctuation of endogenous siRNA due to temperature shift affects temperature-responsive gene expression. At present, we do not know the function of TAS1 tasiRNA target genes at different temperatures. Overexpression or knockdown of these genes can be done in the future to answer this question. Wild-type and dcl4-2 seedlings treated at a low temperature (4 C for 24 h) were placed at 22 C and incubated for an additional 24 h. The abundances of At1g51670, At4g29760, and At5g18040 transcripts at the various temperatures were quantitated. Values were normalized totubulin, and are expressed as the ratio of the value relative to 4 C. Error bars indicate mean AE SD for three independent biological replicates.
